Intrinsic F0 (IF0) has been considered a phonetic phenomenon that has a physiological basis. However, considering cross linguistic variation in IF0, it is also assumed that there is an amount of speaker intended control on IF0. This work looks into the two tone languages spoken in North East India and confirms the evidence of IF0 in the languages. However, it also shows that as soon as speakers exert control over F0 for tone production, IF0 differences diminish. As previously reported, in this study too, IF0 differences were noticed to be more pronounced in the higher F0 regions. Index Terms: Intrinsic F0 (IF0), tone, Angami, Mizo, vowel tone interaction 2. Methodology
Introduction
In this work, we look into the interaction of tones and vowels in two Tibeto-Burman languages, namely, Angami and Mizo, spoken in the North-East of India. The specific aim of this work is to identify and account for the changes in tone characteristics due to the influence of the vowels. The positive correlation of vowel height and F0 has been referred to as intrinsic F0 (IF0) in the literature and we investigate how IF0 affects the pitch of different tones in Angami and Mizo.
According to Lieberman, IF0 occurs due to a coupling effect, where the shape of the vocal tract during a vowel production determines the amount of vibration of the vocal folds [1] . On the other hand, it is also argued that there is a direct relationship between the raising of the tongue in high vowel production and the tension on the vocal folds. According to this argument, in production of high vowels, the tongue pulls on the larynx, giving rise to high tension of the vocal folds resulting in higher F0 values [2, 3] . Ohala and Eukel provided substantial evidence for the tongue pull hypothesis through their bite block experiment, making it a dominant explanation for IF0 in the years to follow [4] . However, the amount of control a speaker exerts on IF0 is not quite clear.
There is also an enhancement hypothesis that posits that IF0 variation is deliberate and is aimed at improving auditory salience [5] . It argues that IF0 is used as an additional feature in enhancing the perception of vowel contrasts. In other words, languages that have large vowel inventory may need IF0 to enhance the perception of different vowel categories. While earlier studies did not find any correlation between vowel inventory size and IF0 differences [6] , a later study confirms that there is a direct relationship between the two [7] . Contrary to that, a later work investigating IF0 differences in American English varieties found that the sources of the control of F0 use may not be the size of vowel inventory but may be socio-cultural, reflecting regional variation in speech [8] . Moreover, the same study found clear evidence of IF0 only in the vowels of prominent syllables and not so much in the non-prominent syllables.
Intrinsic vowels of tone languages further complicate the situation as speakers also need to control the F0 for the best realization of the lexical tones. In case of tone languages, a few interesting observations are made in the literature [6] . While IF0 is noticed for the tone languages, the IF0 differences observed are negligible in low tones and in the lower F0 ranges. In languages with more than two tone levels, the IF0 should decrease as tones become lower. For Standard Chinese, it is reported that a high tongue position, while articulating vowels, induce higher tones [9] as in non-tone languages. Clear evidence for IF0 in three African register tone languages namely, Ibibio, Kunama, Dschang; are found in a previous work [10] . The same study failed to find significant evidence of IF0 in Mambila. However, IF0 was found to be significant in Shona, a language related to Mambila [11] .
While there are studies that have investigated the evidence of IF0 in Chinese and African languages, there are not many studies that have reported the interaction between vowel and IF0 in tone languages of the Tibeto-Burman family, specifically the ones spoken in India. Hence, this study aims at addressing this gap in the literature by investigating the interaction of vowel and F0 in two tone languages of the Tibeto-Burman languages family, namely, Angami and Mizo. This study tries to answer the following questions:
1. Is there any evidence of vowel effect on the F0 of tones in Angami and Mizo?
2. Do vowel effects manifest equally along the duration of the tone?
3. Considering the differences in the tone inventory of Angami and Mizo, is there a difference in the vowel effect on F0 of tones?
The rest of the paper is arranged in the following manner: Section 2 describes the languages and the methodology adopted in this study. Section 3 presents the results and finally Section 4 discusses the findings and concludes the study. /a,E,i,O,u/ and four lexical tones, namely, low, high, rising and falling [14, 15, 16, 17, 18, 19] as shown in Figure 1 . The salient characteristics of Mizo tones also aid automatic speech recognition in noisy conditions [20] . Apart from the four phonological tones, in a previous study, evidence of another salient Mizo tone resulting from tone sandhi is also mentioned [21] .
Standard Angami, as spoken in the Kohima area, has six vowels, /a, i, E, u, o, @/. However, previous literature is divided on the number of tones in Standard Angami and report either four or five tones in the language [22, 23, 24, 25, 26, 27] . We conducted a pilot study before collecting the data from the participants in this study and found that there is no acoustic difference between the T2 and T3 produced by the Standard Angami speakers. The previous study on two non-standard varieties of Angami also yielded similar results on tones [28] . Hence, in this study T1 stands for the highest tone, T5 for the lowest tone and T2 and T3, even though these are reported as two separate tones in some of the previous literature, they are considered as a single tone category (T2/T3 hereafter) in this work as shown in Figure 2 .
Speakers
For Mizo, 8 native speakers of Mizo (4 male, 4 female) participated in the study. All the speakers were born and brought up in Mizoram with Mizo as their first language, they also speak and understand English. Their age was between 20 and 40 years at the time of data collection. No one reported any speech and hearing impairment. As for Angami, 6 native speakers (3 male, 3 female) participated in the study. Speakers are from the Kohima village and Angami is their first language, they also speak and understand English, Nagamese and Hindi. At the time of data collection their age ranged between 20 and 30 years. , low -'to rely', rising -'thorough' and falling -'to stick' along with the target vowel were displayed on a computer screen. Each token was displayed randomly on the screen to avoid listing effect. The participants were requested to produce the vowel by using the same tone of /bEl/ shown on the screen with all the five vowels. Out of the 20 tokens, only 5 could be associated with real lexical words in Mizo, viz. /a/ with rising tone for 'mad', /o/ with falling tone for 'yes', /e/ with low tone for 'defecate', /u/ with a rising tone for 'howl' and /u/ with a high tone for 'elder brother/ sister'. However, the speakers did not seem to access the lexical meaning of the words as they were focused on replicating the tones in the speaking task and seemed to have considered all 20 of the tokens devoid of any meaning. Each unique vowel was produced three times by each participant resulting in 480 tokens. However, only 456 tokens were considered for analysis as 24 token were mispronounced. The number of occurrences of vowels in each tone category for the present study is presented in Table 1 .
The data for Angami consists of 6 Angami vowels /a, i, E, u, o, @/, produced in isolation with each of the 5 tones in Angami, namely, T1, T2, T3, T4, T5. This resulted in 30 unique tokens, of which only 2 could be potentially associated with a lexical word in Angami. The token /a/ with T2/T3 for 'me/ I' and the token /u/ with T2/T3 for 'yes'. However, all participants produced the vowels with sustained, long pronunciation, reducing any association with a lexical word. As with Mizo, the participants were asked to mimic the tones of Angami in the vowels using the tone of a real lexical item as a cue. The word /pE/, with five different meanings for each tone, i.e., T1 -'to incline', T2 -'bridge', T3 -'fat', T4 -'shiver' and T5 -'shoot' were displayed on a computer screen along with the vowel. Each token was displayed randomly to avoid listing effect. The participants were requested to mimic the tone of /pE/ syllable and produce the vowels. Each token was produced five times by each par-ticipant resulting in 900 tokens. However, 585 tokens are considered as a large number of tokens were produced with creaky phonation, making pitch estimation impossible and many others were mispronounced. The tokens considered for analysis in this study are presented in Table 2 .
Acoustic and statistical analysis
The speech recordings were transferred to a computer for analysis. The sound files were segmented and annotated by the native speakers of Mizo and Angami by means of listening and visual examination of the waveforms and spectrograms using Praat 6.0.43 [29] . The tone boundaries are marked at the initiation of the F0 till the point of termination. A script was used to automatically extract F0 values at every 25% of the total duration of the pitch contour and export them to a spreadsheet for further analysis. To eliminate speaker effects, the raw F0 values were normalized using the z-score normalization method [30] . The averaged normalized F0 values for each vowels were plotted for visual examination. Statistical analysis, such as the Linear Mixed Effects (LME) test, Analysis of Variance (ANOVA) and post-hoc tests were conducted to support the results of the analysis. All statistical analyses were conducted using R [31] and for LME, the lme4 package was used [32] . For the LME test, separate analysis were conducted with F0 values at 0%, 25%, 50%, 75% and 100% as dependent variables. A full model was constructed considering vowel categories, gender and tone as fixed effects and speaker as random effect and null models were built with vowel categories removed. The null and the full models were compared using ANOVA.
Results

Mizo
A visual examination of the plots of the Mizo tones with different vowel categories (Figure 3, Figure 4 , Figure 5 and Figure  6) show that there is a significant effect of vowel type at the beginning of the pitch contours (0%). That is, the high vowels /i/ and /u/ induce higher F0 and low vowels do the reverse. As the pitch contour progresses, the contour characteristics change according to tone types. In case of low and falling tones ( Figure  3 and 6 ), vowel height specific effects are observed at 25% of the pitch contour. However, as the pitch falls, the vowel category induced differences diminish. In case of the high tone, as the pitch contour remains consistently high throughout the total duration of the pitch, the vowel category specific differences are maintained throughout the total duration of the pitch contour. In case of the rising tone, the vowel category specific differences in the pitch contour reduced in the 25% of the total duration. However, as the pitch contour rises to higher F0 levels in 75% of the total duration, the vowel specific differences show more prominently.
The mid vowels /E/ and /O/ are in the middle of the two extreme F0 values in all the four tones, except for /O/ in the falling tone context. In low and rising tones, the mid vowels show similar patterns where both overlap with each other from the initial until the final point of the F0 contour. In falling tones, the mid vowels start with different F0 and then overlap after 50% till the end. Low vowel /a/ and /O/ overlap in falling tones throughout the total duration. High vowels and mid vowels show almost similar F0 contours in most of the F0 contour plots.
The results of the LME tests, as seen in Table 3 , on Mizo tones showed that vowel categories interact significantly with F0 values for all the tones in Mizo. While the effect is sig- nificant from the beginning till 75% of the total duration, no significant effect of vowel categories is noticed at the end of the pitch contour (100%).
Angami
In the present study, all the register tones in Angami tend to fall when produced in isolation. The average F0 contours of the five Angami tones are provided in Figure 2 . As seen from Figure 7 till Figure 10 , the vowel effect on the tones is more pronounced at the point of initiation of the tones. However, as the pitch contour falls to lower F0 levels, the vowel specific differences diminish. T1, the highest tone in Angami shows largest vowel specific F0 differences until the 50% of the pitch contour. The height of the vowel /u/ seems to correspond with higher F0 in T1, T4 and T5, indicating robust vowel and tone interaction. At around 25%, high vowel /i/ and mid vowel /E/ are overlapping in all the tones except in T4, which is a low tone. Back vowels /a/ and /o/ have similar pitch contours in all the tones except in T2/T3. Across all tones, two clear effects of vowels emerge, vowel /u/, /i/ and /E/ induce higher F0 and vowels /a/ and /o/ induce lower F0. The vowel /@/ stands out as in most of the tones, it reaches its tone target only at the 50% of duration of the tone.
The results of the LME test, reported in table 4, showed that vowels interact significantly with the F0 at all points of the F0 contour, except the final one. The comparison of the full LME model (with vowel categories, gender and tone as fixed effects and speaker as random effect) with the null model (excluding vowel categories) showed significant differences in ANOVA. 
Discussion and conclusions
This study suggests that there is a clear correlation between F0 and vowel quality. High vowels induce higher F0 and low vowels induce F0 lowering in Mizo and Angami. The effect of vowels on tones is prominent in both languages at the initial part of the F0 contour. At the initial points (0%), the speakers of the two languages do not control the tone specific pitch in the utterance and hence, IF0 is prominent in that part. However, by the next quarter of the pitch contour, speakers begin to control the pitch for tone specific values resulting in the reduction of vowel specific F0 differences. The results of this study also show that the vowel specific differences are more pronounced in the high tones or in the higher pitch registers. However, vowel specific differences are negligible as the tone or the pitch contour lowers. The results also corroborate the results observed in earlier studies on tone vowel interaction. It supports the earlier views that tone languages do show evidence for IF0. However, as speakers try to reach the tone targets, the IF0 differences are subdued by tone specific values. Hence, the effect of vowels may not be manifested equally along the duration of the tone. While Mizo tones has contour tones and Angami has register tones, no significant vowel effect difference was observed on F0 based on the salient pitch contour dynamics of the two languages.
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